INTRODUCTION
Retinal illuminance and not the external source luminance is the stimulus for vision 1 .
So that retinal illuminance can be accurately determined, it is important that pupil size can be estimated based on the flux of an external light source in natural environments, clinical settings and basic vision science. The relationship between pupil diameter and log luminance of the field follows a sigmoid pattern with asymptotes at low and high pupil sizes [2] [3] [4] [5] [6] (see references 7 and 8 for reviews). There is considerable variation between different studies, part of which may be due to different angular subtenses of the stimuli, with large stimulus fields producing more pupil constriction than smaller fields at fixed field luminances [9] [10] [11] . Under photopic light levels, Stanley and Davies 10 demonstrated that the pupil was a simple flux integrator for field sizes between 0.4 and 25.4. Pupil diameter decreased with increasing test stimulus size and luminance such that pupil diameter in mm was related to corneal flux density, the multiple of luminance (in cd.m -2 ) and stimulus area (in degrees squared), by a hyperbolic function.
To examine whether pupil diameter simply reflects corneal flux density independent of the spatial light distribution of the object field, we measured pupil diameter under conditions where the corneal flux density was equal for all object fields, but the local flux density difference between a test stimulus and a background field varied with the size of the stimulus. Photoreceptor contributions to pupil diameter were measured under photopic (cones only) and mesopic (rods and cones operational) light levels 12 .
METHODS

Participants
Participants included six male and two female Caucasians between the age of 20 and 24 years. All participants had ≥ 6/6 visual acuities, equivalent spherical refractions within ±1.00 DS, cylinders < 0.50 D, were in good ocular and systemic health, and not under the influence of any pharmacological agents that would affect pupil diameter.
The University's Human Research Ethics Committee approved this study, and all subjects gave written informed consent.
Apparatus and Stimuli
Test stimuli were achromatic, circular targets (1  o , 2  o , 4 Although this luminance might be considered as corresponding to scotopic vision, the observers did not report the formation of a foveal scotoma.
Procedure
To minimize the effect of circadian variation of the intrinsically photosensitive Retinal Ganglion Cell (ipRGC)-mediated pupillary response 14 , testing was conducted during the day. The participant's right eye was cyclopleged using 1% cyclopentolate to exclude the effect of accommodative changes on pupil diameter and to control retinal illuminance. The amplitude of accommodation was assessed by the push-up method (Hartinger hand optometer, Rodenstock) 20 min after instillation of the first drop. In all 6 participants, the subjective amplitude of accommodation was less than 2.0 D, and we considered that accommodation had been eliminated. For the photopic condition, the six stimuli were presented five times in random order. The observer adapted to the background light level for 1 min and measurements of the consensual pupil were recorded during the following 30 seconds. The reported pupil diameters were the averages of the mean horizontal and vertical diameters over this time. For the mesopic condition, observers dark-adapted for 30 min prior to testing and followed the same test protocols as for the photopic condition. For each condition, the mean and standard deviation was calculated from the 5 presentations. If pupil diameter were influenced by field size, the greatest difference would be expected to exist between the smallest (1 o ) and largest (24 o ) field sizes. A sample size analysis was performed to estimate the sample size required to find a significant effect for our stimulus conditions. Under the photopic condition the sample mean pupil diameter difference for these fields was 0.057 mm ( 0.296 mm SD), while under the mesopic condition the mean difference was 0.085 mm ( 0.272 mm SD). Therefore a sample of 104 participants would be required to find a significant effect of stimulus size on pupil diameter under photopic conditions, and 39 participants would be required under mesopic conditions.
RESULTS
8
DISCUSSION
The results support the hypothesis that, if corneal flux density is kept constant, there will be no change in pupil diameter as the size of the stimulus field increases. It applies when either cones or both rod and cone photoreceptor classes are operational, consistent with the findings of Clarke et al. 15 Our They considered fields between 20 and 115 diameter in two subjects and between 15
and 90 diameter in a third subject. Evaluation of their data shows that as field size increases, pupil diameter increases for a constant corneal flux density. We considered photometric-optical reasons why the flux integrator theory might break down. For conventional optical systems, the image plane illuminance decreases as the 4 th power of the cosine of the peripheral angle, due to the combination of the reduction in apparent size of the peripheral pupil, increase in distance of the exit pupil to the image and the inclination of the image plane to the direction of the incident beam. When combined, these give an 8.5% reduction of illuminance at our largest eccentricity of 12, with integration across the field giving a 4% reduction of luminous flux. For a 90 field (eccentricity of 45), the respective numbers are 75% and 38%. These effective losses would produce small changes in pupil size (maximum change is less than 0.20 mm based on Stanley and Davies' equation giving pupil size as a function of corneal flux density 10 ) compared with the differences in pupil sizes for different field sizes at the same corneal flux density 9 . For real eyes, the effects are even less marked because of the shape of the retina, with a reduction in retinal illuminance at 45 eccentricity likely 9 to be about 10% 8 . Thus, these considerations account for only small effects on pupil size at large fields.
It is possible that Ferree, Rand and Harris' work 9 suffered from reduction in screen luminance as a function of angle (in our case this was about 7% at a 12 eccentricity).
To test further, our study could be extended by using a Ganzfeld. Due to limited dynamic range of the LCD projector, we were unable to use higher photopic light levels. For the low light condition condition, the background luminance was at the scotopic/mesopic boundary (about 0.001 cd.m -2 ; CIE, 1978 16 ), a transition which varies with the spectral and spatio-temporal properties of the viewing conditions 17 . Increasing the luminance of the stimuli in the photopic condition would be useful to achieve smaller pupil diameters. Further study exploring light levels below that used in the current experiment would be useful to quantify the effect of light scatter from the stimulus field on rod input to the pupil diameter at levels closer to absolute threshold.
Much of our understanding of the pupillary light reflex was determined before melansopin expressing intrinsically photosensitive Retinal Ganglion Cells (ipRGCs)
were discovered. Recent studies indicate that the steady-state pupil diameter receives differential contributions from ipRGCs, rods and cones that depend on the viewing conditions, and that each receptor types contribution to the pupil shows adaptation in their response 18, 19 . The ipRGC contributions increase with increasing light stimulus duration, even at low photopic light levels 18 . Within 10 sec of light onset, cone contributions to the steady-state pupillary diameter are minimal and adaptation is considerable, but rod contributions are significant and adaptation is less 18 . In this study, we reported the average steady-state pupil diameter measured during a 30 s exposure to the test field, after a 1 min pre-recording of the baseline pupil diameter during exposure to the background light level. The average pupil diameter during the 30 s presentation 10 showed no significant difference with field size. For the photopic light levels, the ipRGC contributions to the maintenance of the pupil diameter are likely to be dominant, whereas rod contributions are likely to dominate the pupillary inputs under the mesopic light levels. This implies that the smaller pupil diameters under photopic light levels are dependent on the increased level of ipRGC contributions to the pupil when compared to the predominantly rod driven inputs to the pupil under mesopic light levels. However, we did not determine the relative contributions of the three photoreceptor types to the steady-state pupillary diameter in detail, and further work is needed to ascertain if there is an exposure duration dependent differential effect of field size on the relative ipRGC, rod and cone inputs to the pupil.
In summary, our results support the hypothesis that, if corneal flux density is kept constant, there will be no change in pupil diameter as the size of the stimulus field increases up to 24°. This is consistent with the suggestion made by Stanley and Davies 10 that the pupil control mechanism acts as a "flux integrator", and the results demonstrate that it applies at both mesopic and photopic lighting levels. 
